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Abstract Translocation of folded proteins across biological
membranes can be mediated by the so-called ‘twin-arginine
translocation’ (Tat) system. To be translocated, Tat substrates
require N-terminal signal sequences which usually contain the
eponymous twin-arginine motif. Here we report the ¢rst struc-
tural analysis of a twin-arginine signal sequence, the signal se-
quence of the high potential iron-sulfur protein from Allochro-
matium vinosum. Nuclear magnetic resonance (NMR) analyses
of amide proton resonances did not indicate a signal sequence
structure. Accordingly, data from H/D exchange matrix-assist-
ed laser desorption/ionization-time of £ight (MALDI-TOF)
mass spectrometry showed that the amide protons of the signal
sequence exchange rapidly, indicating the absence of secondary
structure in the signal sequence up to L29. We conclude that the
conserved twin-arginine motif does not form a structure by itself
or as a result of intramolecular interactions.
1 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
Key words: High potential iron-sulfur protein;
Twin-arginine translocation; Signal sequence;
Protein translocation; Nuclear magnetic resonance;
H/D exchange matrix-assisted laser desorption/ionization-time
of £ight mass spectrometry
1. Introduction
The translocation of proteins across biological membranes
usually requires the existence of N-terminal signal sequences
[1]. Bacterial signal sequences are generally constituted by a
positively charged N-terminal (n-) region, followed by an un-
charged hydrophobic (h-) region and in most cases by a
C-terminal cleavage site (c-) region. Although signal sequences
of secreted proteins are similar in their overall structure, they
have features which direct proteins to either the general secre-
tory (Sec), or to the twin-arginine translocation (Tat) systems
[2,3]. Signal sequences of Tat substrates contain usually a
‘twin-arginine motif’ in their n-region [4]. In addition, they
are relatively long, less hydrophobic in their h-region and
often charged in their c-region [5,6]. Tat substrates can be
translocated in a folded state [7^9]. As incorrectly folded pro-
teins are not e⁄ciently translocated, it has been proposed that
a further determinant of Tat substrates is their folded state
[3,10,11].
Due to the fact that Tat substrates fold prior to transloca-
tion, we analyzed whether their long and motif-containing
signal sequences also acquire a folded state, possibly including
intramolecular interactions with the folded mature domain.
Such a folded signal sequence could play a role in maturation
and targeting processes. Further, the essential twin-arginine
motif in the signal sequence is speci¢cally recognized by the
Tat system and therefore this pattern has to be considered to
fold to a Tat substrate determinant structure.
So far, no Tat substrate signal peptide structure has been
characterized. The only published structural study on a Tat
substrate, the glucose:fructose oxidoreductase precursor (pre-
GFOR) from Zymomonas mobilis, did not result in insight
into the signal sequence structure [12]. The reported X-ray
analyses of preGFOR crystals did not resolve the electron
density corresponding to the signal sequence and therefore it
could not be distinguished whether the signal sequence was
unstructured or whether it was just £exible in the crystal.
In this study, we report the ¢rst structural analysis of a Tat
signal sequence in solution. We have chosen the high potential
iron-sulfur protein (HiPIP) from Allochromatium vinosum as
our model precursor protein, because the structure of its ma-
ture domain has been elucidated with nuclear magnetic reso-
nance (NMR) and X-ray techniques [13,14]. The 37 residues
long signal sequence of HiPIP contains the typical twin-argi-
nine motif and the other characteristics of Tat substrate signal
sequences (Fig. 1). It has been demonstrated that HiPIP func-
tions as a Tat substrate in Escherichia coli, and that the twin-
arginine motif is essential for the translocation [15]. Secondary
structure prediction programs suggest an K-helical structure
for the twin-arginine motif and parts of the h-region of the
HiPIP signal sequence (Fig. 1). In contrast, our experimental
data show that the twin-arginine signal sequence has an un-
folded conformation in the presence of a completely and cor-
rectly folded mature domain. We conclude that the n- and
h-regions of the signal sequence, including the twin-arginine
motif, do not form a structure by itself or by intramolecular
interactions.
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2. Materials and methods
2.1. Preparation of folded HiPIP precursor
Inclusion bodies of HiPIP precursor were produced with pEXH5 in
E. coli BL21DE3, and fully folded protein was obtained as described
previously [15]. 15N-labeled protein was obtained by expression in
15NH4Cl substituted M9 minimal medium with trace elements added
(SL12; [16]). For NMR analyses, folded HiPIP precursor (preHolo-
HiPIP) was dialyzed against 50 mM sodium phosphate bu¡er, pH 6.8.
For mass spectrometry, the bu¡er was changed to 50 mM ammonium
acetate, pH 6.8. Samples were concentrated by ultra¢ltration centri-
fugation (10 kDa cuto¡, Millipore) and checked for purity by sodium
dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE)
(Coomassie stain), and by ultraviolet-visible (UV-VIS) spectroscopy.
The A283nm/A388nm ratio of the samples was at about 2.6, indicating
homogeneity and complete cofactor reconstitution. The concentration
of the samples was calculated from their absorbance at 283 nm
(O=41.3 mM31 cm31 ; [17]).
2.2. NMR methods
1H-15N 2D correlations (HSQC) were acquired on a Bruker DRX-
600 spectrometer for HiPIP dissolved in a H2O (95%)/D2O (5%) so-
lution, containing 50 mM sodium phosphate bu¡er, pH 6.8. The
protein concentration was 700 WM. Data acquisition was performed
at 10‡C, because concentrated HiPIP precursor tends to aggregate at
higher temperature. The spectra were processed with the FELIX soft-
ware (MSI, San Diego, CA, USA).
2.3. Hydrogen exchange experiments and mass spectrometry
Kinetics of deuterium incorporation by exchange of amide protons
of peptide bonds to deuterons in preHoloHiPIP was monitored by
matrix-assisted laser desorption/ionization-time of £ight (MALDI-
TOF) mass spectrometry using a Bruker REFLEX II mass spectrom-
eter (Bruker Daltonik GmbH, Germany). The exchange with deute-
rium was carried out at 0‡C and initiated by a dilution of 1 Wl of
250 WM protein in 50 mM ammonium acetate (pH 6.8) with 9 Wl D2O
containing the same bu¡er. At appropriate time points, the reaction
was stopped by shifting the pH to 2.4 with 90 Wl aqueous quenching
bu¡er (25 mM succinic acid, 25 mM citric acid). Subsequently, a
peptic digest of the deuterated protein was initiated by adding 1 Wl
of 250 WM pepsin (Roche Diagnostics, Mannheim, Germany). After
1 min at 0‡C 30 Wl methanol were added and the sample was frozen at
380‡C. For MALDI analysis a special preparation protocol was used
to minimize arti¢cial H/D exchange during preparation and measure-
ment [18]. Using a thin layer preparation with K-cyano-4-hydroxycin-
namic acid at 320‡C and fast evaporation, it is possible to reduce
arti¢cial exchange to values smaller than 10%. Back-exchange controls
were performed using fully deuterated HiPIP (250 WM protein in
50 mM ammonium acetate; 3 weeks equilibrated). After correction
for detected back-exchange and 10% residual H2O, data of deuterium
incorporation of peptic HiPIP peptides were ¢tted to the equation
D(t) =A*(13e3k1t)+B*(13e3k2t) with Sigma Plot 2000 (Jandel Sci-
enti¢c).
3. Results
3.1. Conformational analysis of preHoloHiPIP by NMR
spectroscopy
The folded mature domain of HiPIP gives rise to well-char-
acterized amide proton resonances in 15N-1H HSQC spectra
[13]. So far, these analyses have been carried out with mature
HiPIP only, but not with the precursor form of HiPIP. In
order to obtain information about the signal sequence struc-
ture, we recorded the 15N-1H HSQC spectrum of folded Hi-
PIP precursor (preHoloHiPIP) and tried to obtain informa-
tion about the signal sequence structure. Notably, the signals
previously reported for mature HiPIP were also produced by
the precursor, indicating that the mature domain of HiPIP
precursor is folded like in processed HiPIP (Fig. 2). Only
small di¡erences were detectable which can be attributed to
the experimental conditions. Comparison of the precursor
spectrum with the reported resonances from mature HiPIP
allowed the identi¢cation of about 32 new signals which could
be assigned to signal sequence resonances (indicated in Fig. 2
in black color). Note that two prolines are present in the
signal sequence and that the N-terminal methionine is cleaved
o¡ (see below). Importantly, almost all 1H signal shifts from
signal sequence residues were found in the region where un-
structured 1H resonances are expected, i.e. within 8.5 and
7 ppm. Similarly, the corresponding 15N shifts did not indi-
cate any folded structure within the signal sequence.
3.2. Analysis of the signal sequence by hydrogen exchange mass
spectrometry
To further analyze the structure formation of the HiPIP
signal sequence, we applied H/D exchange mass spectrometry.
This method is a valuable tool for the measurement of the
exchange of amide protons within peptide bonds of de¢ned
protein regions. In a typical H/D exchange experiment, the
protein of interest is subjected to D2O. After desired incuba-
tion times, the exchange reaction is stopped by decreasing the
deuterium concentration and switching the pH to 2.4. Subse-
quently, the protein is digested with the protease pepsin. Pep-
tides of peptic digestion can be identi¢ed and their masses can
be determined. One incorporated deuteron leads to an in-
crease of one mass unit. The peptide mass therefore allows
the calculation of the number of incorporated deuterons at a
Fig. 1. The signal sequence of the HiPIP precursor. The twin-argi-
nine motif (underlined bold) is located in the hydrophilic n-region
adjacent to the h-region. The cleavage region (c-region; the arrow
indicates the cleavage site) contains a charged residue (arginine),
which is typical for Tat signal sequences. Secondary structure pre-
dictions with GOR IV [24], SOPMA [25], and PSIPRED [26]
are indicated below the signal sequence. Symbols: h, K-helical;
e, L-strand; dots, residues of random structures (coils).
Table 1
Results of ¢tting deuterium incorporation data (see Fig. 4) to the equation D(t) =A*(13e3k1t)+B*(13e3k2t)
Peptic peptide of
HiPIP region
No. of amide
peptide bonds
(N)
Fast exchange
rate constant
(k1)
No. of amide
peptide bonds
exchanging with
kex = k1 (A)
Moderate
exchange rate
constant (k2)
No. of amide
peptide bonds
exchanging with
kex = k2 (B)
No. of amide
peptide bonds
exchanging very
slowa (C)
S2-L29 25 v 6.0 min31 22.0 0.14 min31 3.0 0
A60-E77 14 v 6.14 min31 5.0 0.11 min31 2.6 6.4
aNumber of peptide bonds which do not exchange within 120 min are calculated as di¡erence C=N3A3B.
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given incubation time. As hydrogen bonding slows down the
H/D exchange process, the kinetics of deuterium incorpora-
tion re£ects directly and quantitatively the structure within the
analyzed peptide [19,20].
The mass of HiPIP precursor as derived from inclusion
bodies could be determined to be 12 629 Da, indicating that
the N-terminal methionine is cleaved o¡ (Fig. 3). This cleav-
age of the N-terminal methionine has been previously ob-
served with soluble HiPIP precursor puri¢ed from cytoplas-
mic fractions [5]. Subsequent analyses of pepsin-digested
HiPIP resulted in the identi¢cation of a signal sequence-de-
rived peptide, S2-L29, which is ideally suitable for H/D ex-
change analyses (Fig. 4A). This peptide covers the complete
n-region of the signal sequence and most of its h-region, and
therefore it includes all residues of the twin-arginine motif
pattern. As a control, a peptide from the mature domain of
HiPIP, A60-E77, has been analyzed in parallel (Fig. 4B). The
results are summarized in Table 1. 22 of 25 amide protons of
the analyzed signal sequence peptide exchange rapidly. They
do not show retarded exchange kinetics, indicating that they
are not involved in hydrogen bonding. The remaining three
amide protons exchange with moderate rate constants and
indicate weak hydrogen bonds. In contrast, six of 14 amide
protons of the control peptide of the folded mature domain
do not exchange even within 120 min, indicating very stable
hydrogen bonds. Three amide protons of this peptide show
moderate exchange rate constants and only ¢ve can exchange
without a limitation of their exchange rate constant by intra-
molecular hydrogen bonding.
4. Discussion
This study reports the ¢rst structural analysis of a twin-
arginine signal sequence. Based on NMR and mass spectrom-
etry results, the signal sequence from soluble HiPIP precursor
Fig. 2. 1H-15N HSQC spectrum of folded HiPIP precursor. The 32 resonances that are not present in the spectrum of mature HPIP and which
can be attributed to the signal sequence are indicated in black.
Fig. 3. Deconvoluted ESI Qq-TOF spectrum of preHoloHiPIP.
Measurement was performed using a Micromass Q-TOF II instru-
ment (Waters, Manchester, UK). Mass of 12 629.5W 1 Da was de-
tected, the theoretical average mass of HiPIP S2-G122 is 12 630.4
Da.
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has to be regarded as largely unstructured, whereas the ma-
ture region of in vitro folded HiPIP precursor is folded like
native mature HiPIP, as in agreement with the reported elec-
tron paramagnetic resonance (EPR) studies on the cofactor in
HiPIP precursor [15]. As these measurements were carried out
with fully folded protein, it is apparent that the signal se-
quence does not fold by itself or as a result of intramolecular
interactions with the mature domain. The observed amide
proton resonances from the signal sequence are in areas where
resonances from unstructured residues are expected (Fig. 2).
Although unlikely, the NMR results did not completely ex-
clude that the peptide is e.g. an K-helix, as K-helical shifts may
overlap with shifts from unstructured regions. We therefore
analyzed the signal sequence under native conditions by an
independent and di¡erent approach which used H/D exchange
mass spectrometry as a tool. The signal sequence up to residue
29 out of 37 does not build up any stable backbone hydrogen
bonding pattern which would have resulted in a slowed down
hydrogen exchange kinetics (Fig. 4). We conclude that at least
up to L29 the signal sequence of soluble, pure HiPIP does not
adopt a stable secondary structure. The unstructured region
covers the complete n- and h-regions of the signal sequence,
and therefore includes the twin-arginine motif. Importantly,
these results indicate that in silico predictions of an K-helical
structure in the twin-arginine signal sequence of HiPIP are
incorrect (Fig. 1). Although we do not exclude that other
twin-arginine signal sequences may form secondary structures,
our results show that such a structure formation is not nec-
essarily an intrinsic property of Tat signal sequences.
Could there be an interaction of side chains with the mature
domain of the same polypeptide chain in a way which could
be regarded as a structure? There is no evidence for this idea.
The ¢rst analysis of the NMR data indicates that no resonan-
ces from the mature domain are signi¢cantly shifted in the
presence of the signal sequence. This argues against a direct
interaction of the signal sequence with the mature domain of
HiPIP. The results from H/D exchange mass spectrometry
further support this view. This method probes very sensitively
structure formation within polypeptides [21] and any stable
interaction between the signal sequence and the mature do-
main should be re£ected in the deuterium incorporation ki-
netics, even in the absence of direct hydrogen bonding be-
tween the mature domain and an amide proton of the signal
sequence. So far, we did not detect any interactions between
the signal sequence and the mature domain by H/D exchange.
Does the signal sequence of HiPIP form a structure in vivo?
The idea of a signal sequence structure is attractive, because
this would have important physiological implications. The
twin-arginine motif is part of the signal sequence and this
motif appears to be speci¢cally recognized by the transloca-
tion system. Even the conservative exchange of the two con-
served arginines with lysines results in a complete block of
translocation of so far tested Tat substrates [22]. HiPIP has
also been tested and is no exception from this rule [15]. More-
over, it has been shown with the thylakoidal Tat system that
the twin-arginine motif is required for a direct interaction with
the Tat system components [23]. It must therefore be consid-
ered that the twin-arginine motif pattern forms a structure
which is speci¢cally recognized by the Tat system. However,
we show in this study that a speci¢c twin-arginine motif struc-
ture ^ if it exists ^ is not formed autonomously by the signal
sequence or by intramolecular interactions of the signal se-
quence with the mature domain. The twin-arginine motif
may therefore either form a recognizable structure by an in-
teraction with the translocon (induced ¢t), or by an interac-
tion with other components on the way to the translocon
(substrate priming). Our studies are currently addressing these
hypotheses.
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